Actin polymerizes to form part of the cytoskeleton and organize polar growth in all eukaryotic cells. Species with numerous actin genes are especially useful for the dissection of actin molecular function due to redundancy and neofunctionalization. Here, we investigated the role of a cotton (Gossypium hirsutum) actin gene in the organization of actin filaments in lobed cotyledon pavement cells and the highly elongated singlecelled trichomes that comprise cotton lint fibers. Using mapping-by-sequencing, virus-induced gene silencing, and molecular modeling, we identified the causative mutation of the dominant dwarf Ligon lintless Li 1 short fiber mutant as a single Gly65Val amino acid substitution in a polymerization domain of an actin gene, GhACT_LI1 (Gh_D04G0865). We observed altered cell morphology and disrupted organization of F-actin in Li 1 plant cells by confocal microscopy. Mutant leaf cells lacked interdigitation of lobes and F-actin did not uniformly decorate the nuclear envelope. While wild-type lint fiber trichome cells contained long longitudinal actin cables, the short Li 1 fiber cells accumulated disoriented transverse cables. The polymerization-defective Gly65Val allele in Li 1 plants likely disrupts processive elongation of F-actin, resulting in a disorganized cytoskeleton and reduced cell polarity, which likely accounts for the dominant gene action and diverse pleiotropic effects associated with the Li 1 mutation. Lastly, we propose a model to account for these effects, and underscore the roles of actin organization in determining plant cell polarity, shape and plant growth.
INTRODUCTION
Actin polymers form part of the cytoskeletons of eukaryotic cells and direct polar cell growth (Cove, 2000; Yang, 2008) . In yeast only one copy of the actin gene exists. In mammals, there are generally six actin isoforms encoded by separate genes (Vandekerckhove and Weber, 1978) . In plants, there are additional actin genes; Arabidopsis has eight, and a recent draft reference genome of allotetraploid cotton (Gossypium hirsutum) has at least 36 actin genes, 17 in the A-subgenome and 19 in the D-subgenome (Lamesch et al., 2012; Zhang et al., 2015) . Despite this expansion, actin is highly conserved across the eukaryotic kingdoms. Indeed, the cotton actin gene that we studied, GhACT_LI1, is 83% identical to the yeast actin at the amino acid level, and is 90% identical to a human actin. This degree of conservation evidences the large number of conserved proteins that interact with actin, as well as structural requirements for formation of the actin fiber itself (Holmes et al., 1990) . Although actin genes remain nearly identical, in both plants and animals, different isoforms generally cannot replace one another (Rubenstein, 1990; Fyrberg et al., 1998; Kandasamy et al., 2002) . The process of genetic neofunctionalization is ever ongoing and duplication followed by mutation is an engine of evolution.
Cotton lint fiber cells are trichomes that develop from the epidermal cells of the outer integument of the ovules and are globally the most important natural fiber for textiles (Paterson et al., 2012) . Cotton fiber cells grow by a combination of intercalary and tip growth, termed linear cell growth (Qin and Zhu, 2011) . The cotton fiber cell is the longest plant cell and represents an excellent experimental model for the study of cell elongation without the complications of cell division or multicellular development (Kim and Triplett, 2001; Ruan et al., 2001) . Fifteen cotton actin genes that were characterized before the availability of the G. hirsutum reference genome showed different tissuespecific expression profiles (Li et al., 2005) . When one fiber-specific actin, GhACT1 (AY305723, Gh_A11G0512) was suppressed by RNAi, the early elongation of fiber cells was restricted (Li et al., 2005) . Interestingly, the profilin family of actin-binding proteins was shown to have been up-regulated following independent domestication of different cotton species, underscoring the importance of the cytoskeleton in the production of the commercially attractive, highly elongated cotton fiber (Bao et al., 2011) . Recently, additional actin-interacting proteins have been characterized in cotton, and shown to play roles in cotton fiber cell elongation (Preuss et al., 2004; Li et al., 2010; Wang et al., 2009; Huang et al., 2013; Lv et al., 2015) .
Lobed cotyledon pavement cells are also a model for understanding polar growth in plants (Panteris and Galatis, 2005; Szymanski, 2005 Szymanski, , 2014 . Morphogenesis of lobed cells involves cell wall reinforcement and differential cell growth controlled by microtubules and actin filaments (Panteris and Galatis, 2005) . The identification of mutants affecting either lobe initiation or growth has expanded the cast of molecular characters involved in polar cell growth well beyond the structural proteins of the cytoskeleton (Szymanski, 2014) . Among these are proteins that constitute or interact with the WAVE complex, including SPIKE1 and BRICK1 (Basu et al., 2008) . Epidermal cells from maize and Arabidopsis brick1 mutants have a more circular shape and fewer lobes than wild-type cells (Le et al., 2006) . The WAVE complex affects cell morphology by modifying actin nucleation and organization (Szymanski, 2005) .
The Ligon lintless-1 (Li 1 ) mutant of cotton was discovered in 1929 and has been extensively studied as a model for cotton fiber development (Lang, 1938; Kohel, 1972) . The phenotype is characterized by dwarf plants with crinkled leaves and cotton fiber cells that cease elongation at an early stage, resulting in mature fibers that are dramatically shorter than wild-type fibers (Figure 1a-h) (Gilbert et al., 2013; Thyssen et al., 2015) . The mutation has been characterized as a single dominant gene located on Chr.22 (d), also called D04 in the reference G. hirsutum genome (Karaca et al., 2002; Rong et al., 2005; Gilbert et al., 2013; Jiang et al., 2015; Thyssen et al., 2015) . The most recent report of candidate genes was based on correspondence of genetic markers to genome sequences of the related diploid Gossypium raimondii, and an actin gene was among a handful of candidates at the Li 1 locus .
Here, we report that the causative mutation of the Li 1 phenotype is a Gly65Val substitution to an actin gene, GhACT_LI1 (Gh_D04G0865) based on our high-resolution mapping and virus-induced gene silencing. This alteration disrupts the polymerization domain of GhACT_LI1 and presents an excellent opportunity to study the specific role of this domain and this actin isoform in the development of polarized cells in plants. By observing F-actin cables and cell morphology of fiber cells and lobed cotyledon pavement cells with confocal microscopy, we were able to demonstrate that the actin cytoskeleton in mutant tissues is vastly disorganized relative to wild-type cells. We propose a model for GhACT_LI1 actin interactions that is consistent with genetic dominance of the Li 1 gene, its observable effects on cytoskeletal structure and polarity, and broad range of pleiotropic effects on mutant plant and cotton fiber morphology.
RESULTS

Gly65Val substitution in GhACT_LI1 is the causative Li 1 Ligon lintless mutation
We aligned genomic DNA sequencing reads from pools of 100 homozygous wild-type and 100 Li 1 mutant F 2 plants to a recently released draft allotetraploid G. hirsutum genome. We were able to identify single nucleotide polymorphism (SNP) and indel mutations that we did not observe when we had previously aligned these reads to a pseudotetraploid genome that consisted of the reference genomes of two Gossypium diploids, G. arboreum and G. raimondii . One of these novel mutations, CFB11927, is a SNP in the coding sequence of an actin gene, GhACT_LI1 (Gh_D04G0865) and results in a Gly65Val substitution. We found that this marker was completely linked to the Li 1 phenotype in our segregating populations of 2567 F 2 and 1566 F 3 plants. Additional polymorphisms that were newly identified or previously reported provided flanking markers that establish a good correspondence between the genetic and physical maps at this locus (Figure 1i) . We tested the linked marker and the flanking markers on a diverse panel of 186 G. hirsutum cultivars and found that the Gly65Val substitution is absent in all tested varieties, while nine varieties contain the Li 1 -type allele at one or both flanking markers (Table S1 ). We explored the transcript abundance of GhACT_LI1 in vegetative tissues and developing cotton fiber cells by RT-qPCR. Expression is highest in roots, and is under-expressed in Li 1 cotton fibers during the elongation phase, 5-16 DPA (Figure 1j) .
To support the role of the GhACT_LI1 gene in the Li 1 phenotype with an independent line of evidence, we used virus-induced gene silencing (VIGS) to repress expression of GhACT_LI1 in wild-type DP5690 plants. We cloned a 488-bp fragment of GhACT_LI1 cDNA, corresponding to 354 coding bases of the C-terminal along with 134 bases of the 3 0 UTR fragments of the Gh_D04G0865 gene from cotton cv. DP5690 and inserted it into pTRV2 for virus-induced gene silencing. Phenotype was observed after Agrobacterium infiltration in the newly emerged tissues. We found that our VIGS construct efficiently reduced levels of the GhACT_LI1 transcript and resulted in dwarf plants with crinkled leaves, with striking similarity to the Li 1 phenotype (Figure 2 ).
Gly65Val substitution in GhACT_LI1 interferes with polymerization
To understand how the GhACT_LI1 Gly65Val substitution could generate dwarf plants, we modeled the tertiary and quaternary structure of GhACT_LI1 monomers and polymers using solved crystal structures of highly homologous actins. The mutated residue is at the mouth of the ATPbinding cleft, on subdomain 2 at the interface with subdomain 4 at the minus-end of the monomer (Murakami et al., 2010) . In the solved crystal structure of the monomer, this site is occupied by a sulfate ion. In the highly homologous actin, the orthologous glycine is Gly63, which is adjacent to the Arg62 position that directly interacts with the ion, along with Thr202 and Thr203 on the opposite side of the cleft ( Figure 3a ). In the physiological condition, the location of the sulfate ion would be occupied by Mg 2+ or Ca 2+ (Vorobiev et al., 2003) . In the polymer, this region is part of the interface between monomers and is stabilized by an intermolecular salt bridge at Mg 2+ site 1 (Figure 3b -d) (Holmes et al., 1990; Murakami et al., 2010) . Simulation of the analogous Gly63Val mutation produces a steric clash. Glycine is the smallest possible amino acid, with no side chain. The atoms in the isopropyl side chain of Val occupy the same space as the site 1 Mg 2+ salt bridge and clash with residues Asp286 and Asp288 on the adjacent actin molecule that are involved in the formation of the salt bridge ( Figure 3c ,d) (Murakami et al., 2010) .
Gly65Val substitution in GhACT_LI1 disrupts cell polarity
Our objective was to understand the molecular mechanism of polar cell growth in plants. We found that cotyledon pavement cells in Gly65Val plants lack the interdigitation of lobes that is characteristic of this cell type in wild-type plants ( Figure 4 ). We made measurements of 1095 Gly65-Val and 1029 wild-type pavement cells and found that the Gly65Val pavement cells were smaller in perimeter and area than wild-type cells, and were also significantly more circular (0.59 vs. 0.32 (Student's t-test P < E-140)) (Figure 4d) . On this same set of cells, we used the recently released LobeFinder software to count the number of lobes and found that wild-type cells on average had 7.4 lobes, while Gly65Val cells had 1.1 lobes ( Figure 4c ). We also observed that the stem and leaf trichomes of Gly65Val plants were slightly twisted ( Figure S1 ).
Gly65Val substitution in GhACT_LI1 alters organization of F-actin
Having found that the Li 1 cotton mutant was caused by a mutation to the polymerization domain of an actin gene, we sought to characterize the effect of this mutation by visualizing F-actin in plant cells. While wild-type cells have long F-actin cables that radiate from the nuclear envelope along the cell membrane, Gly65Val cells have shorter, poorly organized actin filaments and reduced nuclear decoration (Figures 5 and S2 and Movies S1 and S2). We also found by western blot that the soluble, cytosolic fraction of Gly65Val cotyledon cells contained half as much actin as wild-type cells, while the abundance in the pellet fraction was not significantly different ( Figure S3 ). We also investigated F-actin organization in the cotton seed trichome. We found that while wild-type fiber cells had long longitudinal actin cables, the Gly65Val plants accumulated transverse actin filaments at both 8 and 12-DPA, a time of rapid elongation in wild-type fibers, but arrested growth in Li 1 fibers (Figures 6 and S4) . We measured the angle between the actin filaments and the cell axis in mutant and wild-type fiber cells and found that 90% of wild-type filaments are within 30 degress of parallel with the cell axis, while in Gly65Val fiber cells, 60% of actin filaments are within 30 degrees of perpendicular to the cell axis (Figure 6a ).
DISCUSSION
Cotton cell polarity
The cotton seed trichome is perhaps the most highly elongated cell in the plant kingdom, expanding more than 30 mm in length during 4 weeks while maintaining a diameter of 30 lm, which makes it an important model for the study of polar cell growth (Kim and Triplett, 2001 ). The majority of information about actins in plants has been obtained from studies of Arabidopsis leaf pavement cells, trichomes and pollen tubes (Szymanski, 2005; Yang, 2008; Pan et al., 2015; Zhu and Geisler, 2015) . Previous studies that have attempted to characterize actin in cotton fiber development did not have the benefit of a reference genome and overlooked some actins, including GhACT_LI1 (Li et al., 2005) . However, the Li 1 mutant line, which here we identify as the result of a Gly65Val mutation in GhACT_LI1, has been studied since its discovery in 1929. Indeed, an observation of F-actin filaments in Li 1 fiber cells has been previously published, and is consistent with our present finding, having found that unlike the wild-type fiber cells which contain long longitudinal F-actin cables, Li 1 fiber cells accumulate transverse F-actin (Figures 5, S3) ). Here we presented visualization of F-actin in leaf pavement cells of Li 1 plants ( Figure 5 ). These cells lacked the lobes characteristic of this cell type, a feature that requires action of actin filaments among other cytoskeletal mechanisms, reviewed elsewhere (Figure 4 ) (Bannigan and Baskin, 2005) .
Molecular mechanism of the Li 1 phenotypes
It is clear from the defects of cell polarity and cytoskeletal organization that GhACT_LI1 is involved in these processes. Here we propose the 'poison subunit' model that we outline in Figure 7 , which successfully accounts for the dominance of the phenotype. In wild-type cells, GhACT_LI1 and other expressed actin isoforms are added to the plusend of a growing actin filament in a stochastic process . Small GTPase proteins embed in nuclear, plasma or vesicle membranes due to hydrophobic modifications (Yang, 2008) . These G-proteins tether formin dimers via linker proteins that are yet unknown in plants (Cvrckov a, 2013; van Gisbergen and Bezanilla, 2013) . Formin adds profilin-bound G-actin to the plus-end of the growing filament, sliding along the filament to allow processive growth of the anchored filament (Pruyne et al., 2002; Thompson et al., 2013) . In Li 1 and heterozygous cells, the Gly65Val mutation disrupts the extension of the actin filament. A filament that has been so far lucky enough to grow without including the 'poison subunit' is ultimately destabilized by its attempted incorporation. We speculate that this may not only cause the nascent filament to break away from the formin anchor, but that the entire anchoring complex may disassemble. Indeed, we observed a decrease in cytosolic actin in Gly65Val pavement cells by Western blot, which may indicate that short, abortive actin filaments are targets for degradation ( Figure S3 ). It is known that the interaction of actin with formin is loose; as the formin dimer steps to the newly added actin monomers it allows the filament to rotate (Mizuno et al., 2011) . The disassembly of the anchoring complex may explain the down-regulation of G-proteins and profilins observed in developing Li 1 fibers at both the transcript and protein levels, because non-membrane-bound G-proteins can affect their own expression (Table S2) (Yang, 2008; Zhao et al., 2009) . Also, although incorporation of the 'poison subunit' can explain shorter actin filaments, if the anchoring complex were intact, we would expect normal perinuclear staining of F-actin in the Gly65Val cells. Longitudinal microtubule arrays anchored to the nuclear envelope as well as unanchored longitudinal actin cables have been shown to be involved in trafficking of vesicle components to the growing ends of polarized cells Ambrose and Wasteneys, 2014) . However, as we did not see a change in the membrane-bound fraction of actin by Western blot, more work is clearly needed to elucidate the precise effect of the Gly65Val mutation on membrane anchoring. Here, we report that a single residue mutation can reduce both the perinuclear F-actin staining and the interdigitation of lobes in cotton leaf pavement cells.
Potential utility of the Gly65Val mutation
Transferring or reproducing the Gly65Val mutation in actin isoforms of other species may provide new information about the molecular mechanisms of eukaryotic cell growth and may also have some practical value. As this mutation is dominant with a 'poison subunit' mechanism, it may be useful to identify the specific functions of individual actin isoforms in species with expanded actin families. Actins that are naturally or artificially restricted to expression in particular tissues should be especially informative. The increases in wheat and rice yield during the Green Revolution were enabled by dwarfing genes that affected hormone signaling (Hedden, 2003) . Perhaps stem-specific expression of actin isoforms with mutations similar or orthologous to the Gly65Val mutation of Li 1 will provide another avenue to introduce beneficial dwarfism to crops.
EXPERIMENTAL PROCEDURES Plant materials
Wild-type cotton plants used in this study were Gossypium hirsutum L. cultivar DP5690 and a diversity panel of an additional 186 G. hirsutum cultivars (Table S1) . A near isogenic line of DP5690 that contains the Li 1 short fiber gene was crossed with DP5690 to create an F 2 population of 2567 individuals, described previously (Gilbert et al., 2013; Thyssen et al., 2015) . Three recombinant individuals from this F 2 population were selected to establish F 3 populations based on fixation of nearby genetic markers, but continued segregation for the Li 1 phenotype. The segregating F 3 populations of 426, 470 and 670 individuals were grown in a field in Stoneville, MS and in the field and greenhouse in New Orleans, LA in 2015 following conventional practices. Fresh young leaves were used for genomic DNA extraction (Fang et al., 2010) . Parent lines were grown in the field in New Orleans, LA in 2013. Developing cotton bolls were harvested at 0, 3, 5, 8, 12, and 16 days post anthesis (DPA). Bolls were randomly separated into three replicates with 15-30 bolls each, dissected on ice and the ovules were frozen in liquid nitrogen and stored at À80°C until RNA extraction. RNA was also extracted from the leaves, stems and roots of three wildtype and three Li 1 plants that were grown in controlled growth chamber (Naoumkina et al., 2014) . Map-based cloning of the Li 1 gene
We used super-bulked segregant sequencing reads from 100 li 1 /li 1 (wild-type) and 100 Li 1 /Li 1 (mutant) F 2 plants, described previously, along with a recently released draft tetraploid G. hirsutum genome to identify a non-synonymous mutation in an actin gene, GhACT_LI1 (Gh_D04G0865) . We aligned the 101-bp pairedend reads to the G. hirsutum genome with GSNAP software and manually inspected the alignment files with IGV software to identify polymorphisms near the previously identified markers (Wu and Nacu, 2010; Robinson et al., 2011) . We designed a SNP marker for the mutation in GhACT_LI1 (CFB11927), along with two additional SNP markers (CFB11928, CFB11929) and two novel indel markers (CFBid0004, CFBid0005) that we expected to be nearby based on the physical map. Primers are detailed in Table S3 . We tested these markers along with five markers previously linked to Li 1 on the segregating F 2 and F 3 populations. We tested CFB11927 along with flanking markers CFB11927 and CFB5859 on the diversity panel of 186 G. hirsutum cultivars.
Virus-induced gene silencing (VIGS) assay
A 488-bp fragment of GhACT_LI1 cDNA from DP5690, corresponding to the C-terminal 354 coding bases of Gh_D04G0865 along with 134 bases of the 3 0 UTR, was amplified by PCR using Q5 highfidelity DNA polymerase (New England BioLabs, Ipswich, MA, USA) and specific primers (Table S3 ). This fragment was cloned into EcoRI-KpnI digested pTRV2 to produce a VIGS vector named pTRV2-GhACT_LI1. The pTRV1 helper plasmid, pTRV2-GhACT_LI1, along with VIGS positive control pTRV2-Cla1 and negative control empty vector pTRV2-0 were introduced into the Agrobacterium strain GV3101 by electroporation (Bio-Rad, Hercules, CA, USA). A previously published protocol was used for the VIGS assay (Gao et al., 2011) . Briefly, the transformed Agrobacterium colonies were grown overnight at 28°C in an antibiotic selection medium containing kanamycin 50 mg L
À1
and gentamycin 25 mg L
. Agrobacterium cells were collected and resuspended in infiltration medium (10 mM MgCl 2 , 10 mM MES and 200 lM acetosyringone), adjusted to OD 600 = 1.5. Agrobacterium strains containing pTRV1 and pTRV2 vectors were mixed at a ratio of 1:1. Seedlings with mature cotyledons but without a visible true leaf (7 days after germination) were infiltrated by inserting the Agrobacterium suspension into the cotyledons via a syringe. The plants were grown in pots at 22°C in a growth chamber under a 12-h light per 12-h dark cycle. RNA was isolated from leaves 4 weeks after infiltration.
Transcript analysis
RNA-seq data from 8-DPA fiber cells of Li 1 and wild-type plants were previously described . Here, we aligned the reads to the newly available G. hirsutum reference genome with GSNAP software, counted reads in genes with bedtools software and performed ANOVA statistical analysis with TMM normalization as before (Naoumkina et al., 2014) . Expression of GhACT_LI1 at additional stages of fiber development, in other plant tissues, and in VIGS plants was observed following RT-qPCR methods described previously using specific primers (Table S3) (Naoumkina et al., 2014) .
Molecular modeling
To investigate the consequence of the GhACT_LI1 Gly65Val substitution on the tertiary and quaternary structures of actin monomers and polymers, respectively, we searched the protein data bank Z-projections (a, b) show differences in overall cytoskeletal organization, while the three-channel views (c, d) reveal differences in intensity and uniformity of perinuclear actin staining. Scale bars are 10 lm. See Movies S1 and S2 for three-dimensional renderings of these same cells. See Figure S2 for additional images that show numerous pavement cells.
(PDB) using SWISS-MODEL software (http://swissmodel.expasy. org/) (Schwede et al., 2003) . We retrieved structures for a highly homologous actin monomer (1NMD) and polymer (3G37). We used the mutate tool in Swiss-PdbViewer 4.1.0 software to simulate the effect of the Gly65Val substitution (http://www.expasy.org/ spdbv/) (Arnold et al., 2006) . The presence of a steric clash was reported by the software and indicated with a green dotted line.
Measurements of pavement cells
Brightfield images of abaxial cotyledons from 2-week-old plants were obtained using a Nikon Eclipse E600 microscope (Nikon Instruments, Melville, NY, USA). For an overview of image processing, see Figure S5 . Images were thresholded and manually corrected with Adobe Photoshop CS2 software to identify cell walls. These black and white images were smoothed and then thresholded again with ImageJ software (Schneider et al., 2012) . The ImageJ wand tool was used to select regions of interest (ROIs) which were measured by ImageJ and were exported for analysis by LobeFinder. LobeFinder was used as described with a minor modification (Wu et al., 2016) . We observed that very small, erroneous lobes were identified by LobeFinder, so we filtered the results for lobes larger than 0.5 lm using a custom Python script ( Figure S5 , Appendix S1).
Cell fractionation and western blot
The microsomal protein fraction was isolated by Polytron homogenization of 2 g of two-week-old cotyledons in 10 ml of microsome isolation buffer [MIB; 20 mM HEPES/KOH, pH 7.2, 50 mM KOAc, 2 mM Mg(OAc) 2 , 250 mM sorbitol, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 1 tablet of protease inhibitor cocktail (Sigma-Aldrich, USA); (Kotchoni et al., 2009) ]. The homogenate was filtered through a prewetted double layer of Miracloth and ultracentrifuged (160 000 g, 4°C, 90 min) to generate supernatant and pellet fractions. The resulting pellet was suspended in 10 mM Tris-HCl/KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (1 tablet per 10 ml). For immunoblotting, the proteins were separated by SDS-PAGE (7.5% Mini-PROTEAN TGX Precast Protein Gels; Tris/glycine/SDS running buffer; Bio-Rad, USA). Separated proteins were transferred to PVDF membrane (Millipore, Billerica, MA, USA) using an iblot (Thermo Fisher Scientific, Waltham, MA USA) for 7 min for immunoblot analysis. Transferred membranes were blocked for 30 minutes at room temperature in PBST (phosphate-buffered saline, pH 7.4, 0.1% Tween-20) with 5% (w/v) nonfat dry milk. The blocking buffer was removed and a mouse anti-actin (plant) monoclonal antibody, clone 10-B3 (MAbGPa) (Sigma-Aldrich, USA) (diluted 1:1000 in PBST) was added. Following incubation for 1 h at room temperature, the blot was washed three times for 5 min in 10 ml of PBST. The membrane was then incubated with a donkey anti-mouse IRdye-800 (LI-COR, Lincoln, NE, USA) secondary antibody (diluted 1:10 000 in PBST) at room temperature for 30 min. Following three 10 ml washes with PBST, membranes were visualized and signal was quantified using the IRdye-800 channel of an Odyssey CLx (LI-COR, Lincoln, NE, USA) infrared imaging system. The Odyssey CLx was also used to image and quantify protein bands in SDS-PAGE gels using the IRdye-680 channel.
Visualization of F-actin in leaf and fiber cells
To visualize F-actin organization in leaf cells, a construct (pCambia1390-35S::GFP-ABD2-GFP) that contains a fimbrin actin-binding domain 2 with green fluorescent protein fused at both the N and C termini, was infiltrated into cotyledons of 10-day-old cotton plants. This construct was kindly provided by Dr. Elison B. Blancaflor from The Samuel Roberts Noble Foundation (Ardmore, OK, USA) and has been described previously (Wang et al., 2008; Dyachok et al., 2014) . Agroinfiltration was adapted from a published protocol (Voinnet et al., 1998) . Specifically, a single colony of Agrobacterium strain C58C1, containing the plasmid, was inoculated into 5 ml LB with 50 mg L À1 kanamycin for overnight culture. The 5 ml overnight culture was inoculated into 50 ml of LB (50 mg L À1 kanamycin, 10 mM MES and 20 lM acetosyringone) and grown overnight. Next, the bacteria were centrifuged and the pellet was resuspended in a solution containing 10 mM MgCl 2 , Figure 6 . Gly65Val fiber cells accumulate transverse, rather than longitudinal F-actin. The angle of actin filaments relative to the cell axis is presented as a histogram (a-c) (a). Representative wild-type (b) and Li 1 mutant (c) 12-day post anthesis (DPA) cotton fiber cells were stained with Alexa-488 phalloidin to reveal actin organization. Scale bar is 20 lm. See Figure S4 for additional images that show numerous fiber cells.
10 mM MES and 150 lM acetosyringone. The final concentration of Agrobacterium was OD 600 = 0.5. The Agrobacterium suspension was incubated at room temperature for 3 h before agroinfiltration. Images were taken after 2-4 days after agroinfiltration.
Cotton seed trichome fiber cells were stained with phalloidin, by a simplified protocol following Seagull (Seagull, 1990) . Specifically, 8-and12-DPA fiber cells were isolated from developing ovules, rinsed briefly in PBS and immediately placed into a fixation and staining solution consisting of 19 PBS, 1% glutaraldehyde, 0.05% Triton X-100, 0.66 lM Alexa Fluor 488-phalloidin (Thermo Fisher Scientific, Waltham, MA, USA), and incubated at room temperature for 30-45 min. After being rinsed three times in PBS buffer, fibers were meticulously separated under a dissection microscope and mounted on glass slides with glycerol. Images were taken on the same day.
Images were taken with Olympus FluoView FV1000 confocal microscope (Olympus America, Center Valley, PA, USA) equipped with a Spectra Physics Mai Tai HP infrared laser (Spectra Physics, Santa Clara, CA, USA). The GFP and Alexa 488-phalloidin stained F-actin was observed by exciting the tissues with the 488-nm line of the Argon laser and capturing the emission at 510 nm. Multiple image planes were combined into a Z-projection, 3-channel view, and 3D movie, using the FV10-ASW viewer software (Olympus America, Center Valley, PA, USA). The angle between actin filaments and the cell axis was measured with ImageJ software (Schneider et al., 2012) .
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Additional Supporting Information may be found in the online version of this article. Figure S1 . Stem (a, b) and leaf (c-f) trichomes from wild-type (a, c, e) and Li 1 (b, d, f) cotton plants. Figure S2 . Visualization of F-actin cytoskeletons in two-week-old cotyledon pavement cells by transient expression of a green fluorescent protein-labeled actin-binding protein (GFP-ABD2-GFP). Figure S3 . Western blotting analysis of actin abundance in soluble and membrane fractions of cotton cotyledons. Figure S4 . Additional confocal images of actin filaments in cotton fiber cells. Figure S5 . Overview of pavement cell image processing for shape measurement. Table S1 . Diversity panel. Table S2 . RNA-seq expression analysis of 8-DPA fiber cells from wild-type and Li 1 plants. Table S3 . Primers used in this study.
Appendix S1. Python script Threshold_DTRH.py to filter out tiny, erroneous lobes from LobeFinder results. Movie S1. 3-dimensional rendering of actin cytoskeleton from wild-type cotyledon pavement cell also presented in Figure 5(a,c) . Movie S2. 3-dimensional rendering of actin cytoskeleton from Li 1 cotyledon pavement cell also presented in Figure 5(b,d) . At left is a wild-type complex, where formin (green) loads a profilin (red) bound GhACT_LI1 (purple) to a growing F-actin filament that also includes other actin isoforms (blue). A G protein (yellow) anchors formin to a membrane (dark gray) via a complex (light gray). In the presence of the Gly65Val mutation (asterisk), the nascent filament cannot extend, perhaps also destabilizing the entire anchoring complex.
